A discrete scatterer model is developed and used to study target specific tracking errors. Several examples are given illustrating how the aimpoint of a target wanders in an endgame engagement.
In modern tracking radar systems glint effects are the limiting factor in tracking performance. As such, a great deal of attention has been given to understanding glint phenomenology and reducing its affect on tracking systems, [l] .
Over the past four decades there have been many glint models developed. These models generally fall into one of two categories: (i) statistical models [Z-61 and (ii) discrete scatterer models [7-81. The statistical models are parametric by design and require one to make a number of assumptions concerning the location, strength, and statistical dependence of the scattering centers. On the other hand, the discrete scatterer model requires one to have knowledge of the location and strength of every scattering center associated with a given target, of which there may be thousands. To further confound the discrete scatterer model, the ensemble of scattering centers can change quite rapidly as a function of aspect angle. Perhaps this is the reason statistical models have been chosen almost exclusively over discrete scatterer models for characterizing glint. Unfortunately, statistical models can give very little, if any, information about the glint effects for specific targets of interest. To overcome this inherent deficiency requires the introduction of target specific scattering data into the statistical model, [6] . Of course if such data are not available, the deficiency remains.
The development of more sophisticated computing platforms allows one to revisit the methods and procedures used for computing radar scattering from electrically large targets. In particular, it enables one to consider the discrete scatterer approach to computing the ARC for targets of interest. *Presented at the IEEE 1996 National Radar Conference, Ann Arbor, Michigan, 13-16 May 1996. 0-7803-3 145-1/96/$5.00 @ 1996 lEEE2.0 DEFINING THE ARC IN THE FAR ZONE The discrete scatterer model assumes the signal appearing at the terminals of a tracking system's receiving antenna can be well represented by the superposition of a finite number of complex sinusoids. To each complex sinusoid one associates a scattering center, appropriately located in R3. The position of the nth scattering center is taken to be Sn = ( xn, y,, zn) and the associated complex sinusoid is en = Enexp (i@,) . The complex amplitude U of the received signal at f is given by U(?) = Z e n . n Each scattering center en will now depend not only on the target aspect, but also on specific characWithout loss of generality the physical centroid of the target will be placed at the origin. However, the ARC of the target is determined using the ensemble of scattering centers and will generally vary as this ensemble changes. The ARC of this ensemble can be determined using the phase gradient of the complex amplitude. If U = IUI exp (i@) , then its phase gradient can be written as teristics of the tracking system, e.g., the operating frequency, antenna patterns, and polarization.
where Ut is the complex conjugate of U and P = Ut U An algorithmic form for V @ is obtained by inserting (1) into (2) and using @n = kR,, where k is the free-space wave number and Rn = I ? -Snl. By neglecting the range dependence of En a simplified expression for the phase gradient is obtained.
where the coordinates of the point Q (XI, X 2 , X 3 ) are given by the double sum
In the far zone, the phase gradient ( 3 ) represents a vector normal to the surface of a sphere with center located at Q. This spherical surface can be considered to be a wavefront reflected off of an apparent point target located at Q. Gubonin In what follows, (4) will become part of a discrete scatterer model for computing the ARC of specific targets.
SCATTERING CENTER IDENTIFICATION
To construct a discrete scatterer model of a specific target requires one to identify the associated ensemble of scattering centers. To facilitate this procedure, consider that illuminating a target induces an electric current on its constituent components. The induced current becomes the source for a scattered field. The electric component of this field can be expressed in terms of the source current with the use of the dyadic Green's function.
where G is the dyadic Green's function, T) is the free-space wave impedance, and D is the support region for the electric current density, J.
In a polarimetric tracking system the signal received in a particular polarization channel is the superposition of only those electric field components along the polarization vector.
where j = 1, 2 distinguishes the polarization channels. Each polarimetric channel is characterized by a vector (L$) . where the constant L. is often referred to as the effective length of the receiving antenna.
To identify the ensemble of scattering centers for a speclfied target, consider how that target might be represented for simulation. One can imagine the components of a target being tiled by a large number of small regions Dn. Accordingly, the support region for the electric current becomes D = U Dn. In this representation, the electric field given by (5) can be rewritten as a summation over all the tiles.
The signal received in a given polarization channel is now the superposition of a finite number of elementary signals produced by the current induced on the target via (6) and (7), and emphasizes the slmilarity with (1).
The ensemble of scattering centers used in (1) was not well defined. Now, however, each scattering center can be associated with a well-defined region on the target surface. Suppressing the polarimetric designation gives e* = iqkL q * G ( ? , i ) * J ( S ) d i .
Dn
This expression clearly identifies the scattering centers without introducing simulation specific approximations.
HIGH-FREQUENCY IMPLEMENTATION
Most codes designed for predicting the scattering characteristics of radar targets fall into one of two categories: (i) those based on a method of moments (MOM) procedure and (ii) those implemented using a ray casting procedure. The MOM based codes are quite accurate for computing the scattered field and hence are well suited for computing the ARC. Unfortunately, tracking radar systems typically operate in the frequency range, f > 2GHz, for which MOM codes become computationally prohibitive, especially when applied to realistic target models. As a result, the MOM based radar scattering codes are frequently categorized as low-frequency scattering codes.
Fortunately, the set of codes based on ray casting methods are well suited for efficiently computing the field scattered from electrically large complex targets, e.g., see [9] . The radar scattering codes based on ray casting techniques are often referred to as high-frequency scattering codes. Given these considerations, a high-frequency implementation will be chosen for computing the ARC.
Scattering Center Characterization
A high-frequency implementation of (8) is sought for constructing the target specific ensemble of scattering centers. This can be obtained by using the following approximation to the dyadic Green's function.
where g is the scalar Green's function, k, = kR,, S E D, and I is the unit dyad. desired approximation.
Talung the amplitude of the induced current to be constant over Dn and using (9) in (8) gives the where J (in) is the current density on D,. Note that the integral factor of (10) can be expressed in a closed form when D, is flat and triangular in shape.
An lnherent limitation of (10) is its inability to capture the interactions that occur between the components of an extended target. This limitation is partially overcome with the use of a multibounce ray casting technique which does capture extended interactions resulting from specular scattering.
Constructing the Ensemble
The procedure used to construct the scattering ensemble consists of imposing a visibility requirement on the D,. Those D, that satisfy this requirement become part of the ensemble.
STEP 1: This procedure begins by determining if Dn is visible to (i) the transmitter and (ii) the receiver. If D, satisfies these two conditions, then it becomes a scattering center of strength en. The initial ensemble is constructed by repeating this step for every Dn.
STEP 2: This step requires a multibounce ray casting capability for identifying scattering centers associated with tile-to-tile interactions. The initial ray launch points are taken to be the centroid of those Dn visible to the transmitter. So if, for example, Dn is visible to the transmitter, a ray is launched from its centroid into the specular direction. If this ray hits the target on say Dm, then the visibility of Dm is checked at the receiver. If Dm is visible to the receiver, then it becomes a scattering center. A ray is launched from the centroid of Dm into the specular direction and the process is repeated until the number of bounces exceeds a predefined limit or the ray no longer hits the target. This step is repeated for every Dn visible to the transmitter.
The ensemble constructed in STEP 1 does not consider tile-to-tile interactions and should be augmented by the ensemble constructed in STEP 2 if such interactions are deemed significant. In this manner, the scattering ensemble corresponding to a specific target is constructed.
DISCUSSION
To verify the procedure given above, consider a perfectly conductive one-meter diameter sphere. This target is ideal since the cross-range component of its associated ARC is zero. The sphere model used here consists of 2,368 flat triangular tiles.The cross-range component of the ARC was computed at a frequency of 10 GHz and illustrates the errors associated with the entire modelling and simulation process, i.e., the errors introduced by approximating the target with a tiled model and the errors associated with the approximations used to develop (10). In this case, the simulation and modelling errors incurred when computing the ARC were found to be of order meters.
An F-15 aircraft is now used to illustrate the procedure on a realistically sized model. The ARC of this model was computed at a frequency of 10 GHz. At that frequency this particular model is relatively crude, consisting of only 10,746 flat triangular tiles. These tiles were also taken to be perfectly conductive. The cross-range component of the ARC the F-15 model was computed in an endgame scenario where the tracking system flies a trajectory defmed along a line oriented 45' counter-clockwise off of the nose of the aircraft and through a point 10 meters below the physical centroid of the target. This trajectory lies in a horizontal plane and begins 100 meters from the target. In this example, the tracking radar is modelled as monostatic with a roll-symmetric antenna pattern whose peak is tilted forward 45' . The target induced tracking errors (resulting in aimpoint wander) encountered along this trajectory, see Fig. 1 , can be quite large and in some cases fall well outside the physical extent of the target.
SUMMARY
A high-frequency multibounce radar scattering code was used to demonstrate an algorithm for computing the ARC of specific radar targets. The accuracy of this procedure was verified using a spherical target. The severity of target induced tracking errors was also illustrated using a model of an F-15 aircraft. It was shown, in a deterministic manner, that the ARC of a target can fall well outside its physical extent.
Finally, this ARC simulation is well suited for use on massively parallel computing platforms and could lead to the development of a near real-time radar tracking simulation for applications such as endgame fuzing, survivability, and vulnerability analyses for specific targets and fuze algorithms. 
